INTRODUCTION
The ice shelves of Antarctica account for 11% of the area and 2.5 % of the ice volume (Drewry, 1983a) . Mass budget studies of the whole ice mass of Antarctica list estimates of calving that account for 80 % of total mass output with an assessed error that is larger than the net mass budget estimate (e.g. Orheim, 1985; Jacobs and others, 1992, 1996 Zwally, 1989; Zwally and Brenner, 2000) selected from the Seasat, Geosat, ERS-1 and ERS-2 databases covering diverse periods between 1978 and 1998, supplemented by barrier location maps produced elsewhere for 1977 and 1986.
As described in the following section, our estimates are the lower limit either of seaward barrier motion or of barrier break-back (regression) for the observation periods because the method does not account for either calving or surge events smaller than the barrier motion. The ice shelves selected for our study comprise approximately three-fourths of the total ice shelf area of Antarctica, drain approximately two-thirds of the total grounded ice area, and are representative of the two principal types of ice shelf (e.g., Giovinetto, 1970) (the capes and ice rise are clearly depicted on Figure 1 ). Ice shelf lobes and sectors are designated western, central and eastern (W, C, and E, respectively).
BARRIER LOCATION
The slant range analysis of radar altimeter data to compile barrier location is based on the short time (of the order of one second) during which the radar altimeter that detects backscatter signals on a small surface-elevation range or window, fails to adjust to an abrupt elevation change (Martin and others, 1983; Zwally and Brenner, 2001) . During this time the altimeter continues to detect the signals from a surface at the same level (e.g. from sea or sea ice in front of a barrier) but at an increasing range that is slanted backward (Thomas and others, 1983 ). In the reverse sequence, from ice shelf to ocean, the slant range measurement continues backward to the higher ice shelf elevation at the barrier location that is closest to the satellite. The slant range analysis produces a distinct "V" pattern of selected reflection points ( Figure 2 ) that is symmetrically distributed relative to the ground track (Zwally and others, 1987 with the known orientation of a barrier, the barrier location is inferred by joining the vertices of "V" patterns. In these cases there is a larger probability of erroneously including in the delineation one or more patterns produced by an iceberg lying close to the barrier, or ice shelf features that are not the barrier (e.g. rifts and ice rises; Stephenson and Zwally, 1989) . Once completed, a particular barrier delineation is assigned the center date of the period between the first and last orbit used to compile "V" patterns.
In general, for each orbital p__th and altimeter w_.\,eform d_cta, set -seal in t!-,e comp!l£tion, there _:_e se\,eTal other sets t!-,_=tw÷,_'e e:,:£mi-_e:' _. '-:5 ::[sc:_."::e:' because the degraded waveforms were not suitable for analysis. A degraded waveform set is generally associated with a more oblique angle between orbital path and barrier alignment. Missing data results in longer distances between plotted "V" patterns and thus greater interpolation distance (the interpolation procedure is illustrated in Figure 2 ). However, a greater reliance on waveform sets associated with orbital paths in which the ground track approaches the barrier at or near a right angle, significantly reduces the error in the determination of a barrier location. The error in the determination of a particular "V" pattern location decreases from + 1 km to + 0.1 km as the cross over angle is close to perpendicular (Thomas and others, 1983; Zwally and others, 1987; Stephenson and Zwally, 1989) .
BARRIER MOTION
Barrier motion (M, in km a-1)is estimated as the ratio between ice shelf area change (D, in km2) determined for a particular interval (T, in a), and the length of the discharge periphery (L, in km):
In Figure 3 it is shown that the length of the discharge periphery is measured 
The estimate of M remains a lower limit estimate because d is a measure of minimum detected seaward motion. (Giovinetto and Bentley, 1985; Bentley and Giovinetto, 1991 ; Vaughan and others, 1999; Giovinetto and Zwally, 2000) . The new pattern is based on the ERS-1 radar altimeter database transformed in a 5 km grid format listing maximum surface slope gradient and orientation (Zwally and Brenner, 2001 It should also be noted that because radar _.ltfm-,_ei data are not re isb,e is, the gradient, the divides were extended to the coastline of the grounded ice sheet based on surface topography maps (Drewry, 1983b; Ferrigno and others, 1996) .
Most grounding lines and junction points (where the coastline, grounding line and barrier adjoin) used as guides for some divides were those compiled in a separate map (Swithinbank, 1988) . We introduced a few changes due to large scale calving (e.g. the divide between drainage systems 12 and 13 was shifted westward by approximately three degrees of longitude due to large scale calving in the SIS). Lastly, system 10 now includes the three major glacier basins in the interior, i.e. the basin area of the Fisher Glacier, formerly part of system 9, is joined to the Mellor and Lambert glacier basins.
Filchner-Ronne Ice Shelf
The bulk of the slant range data correspond to the FRIS-W and -E lobes using 1976 -1977 (Cooper and others, 1983 , and we assigned an interval of 9.00 a.
The findings for the QMLs indicate a mean motion of -1.15 km a-1along a discharge periphery of 2415 km, an overall mean matched by the M value for
QMLs-W (-1.02 km a1 along a periphery of 1071 km) but not in sub-sectors QMLs-C and -E (the M values are -0.59 km a-1over a periphery of 964 km, and -2.98 km a_ over a periphery of 380 km, respectively). In part, the larger break back rate in QMLs-E might be explained by the larger land ice discharge expected from the eastern area of system 6 which extends farther inland than the western area of the system because the difference in mean net accumulation at the surface is small (e.g. Giovinetto and Zwally, 2000) . Also in part, the smaller break back rate in the QMLs-C might be explained by impeded land ice discharge due to the mountain range alignment inland and parallel to the grounding line, as well as the absence of subglacial troughs, outlet ice streams, etc. (e.g. van Autenboer and Decleir, 1978; cf. Bentley and Giovinetto, 1991) .
Amery Ice Shelf
The best slant range measurements set compiled for the AIS barrier was The mean motion for the AIS is estimated at 0.60 km a1 along a discharge periphery of 294 km. There is a small difference between the M values for the AIS-W and AIS-E lobes (0.41 along a periphery of 145 km or 49 % of the total, and 0.55 km a4 along a periphery of 80 km or 27 % of the total, respectively).
These two lobes drain the grounded ice areas extending on either side of the AIS (systems 9 and 11). As expected, the largest M value is estimated for AIS-C (1.03 km aq along 69 km or 24 % of the total periphery) that drains the three large interior basins of the Fisher, Mellor and Lambert glaciers (system 10).
West and Shackleton ice shelves
The barrier delineation for both the WIS and SIS was based on the Geosat(GM) Relative to the mean motion for the RIS as a whole (1.37 along a discharge periphery of 861 km), the larger M value estimates are for the RIS-W and -C lobes (1.44 km a-1along 327 km or 38 % of the periphery, and 1.84 km a1 along 243 km or 28 % of the periphery, respectively). The lower M value estimate is for the RIS-E lobe (0.91 km a-_along 291 km or 34 % the periphery). The discharge from this lobe is split by Roosevelt Island in complex interaction with the ice flow from ice streams D and E (Fahnestock and others, 2000) .
DISCUSSION AND CONCLUSIONS
Our determination of motion based on area change over time produces lower limit estimates because the approach does not detect area change due to relatively small calving or surge events. This shortcoming is shared with all other methods that estimate barrier motion based on differences in barrier location over time (e.g. Keys and others, 1998). However, the area change approach is not affected by the inherent sources of error in estimates of ice shelf motion based on vector analysis, namely velocity interpolation between survey sites that are far apart, and azimuth variation of the motion (e.g. Hofmann and others, 1964; Lisignoli, 1964) . Preceding studies show large directional (lateral) variability of ice shelf motion for periods of a few years and longer, particularly in the proximity of either permanently or temporarily grounding areas (e.g. Lisignoli,
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We assess the composite error for each estimate of motion produced in this study on the basis of the mid-range value for the error in the compilation of barrier location from slant range analysis (+0.5 km), and of the mean error in the location of features, including barriers, applicable to the supplementary maps used in the study (+2.5 km; e.g. Kohnen, 1982; Ferrigno and others, 1996) . Table 1 are large and suggest that errors listed in other studies may be grossly underestimated.
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Our findings are not directly comparable to many estimates of motion reported in the literature because the majority are based on vector analysis, as well as in surveys normally made at distances ranging from a few to more than 100 km from the barrier. Nevertheless, the following comparisons provide a perspective on the results listed in Table 1" (a) Motion for a sector equivalent to FRIS-C3 and FRIS-E combined has been estimated from three vectors for sites a few kilometers from the barrier at 1.33 km a1 for a period ca. 1957 -1962 (Lisignoli, 1964 . Our weighted estimate of motion is 1.39 + 0.18 km a1 (ca. 1992-1998) . Dorrer, 1966 (cf. Hofmann and others, 1964; Dorrer, 1970) ). This estimate suggests a mean motion of approximately 1.0 km a 1 at the barrier, which is well under our estimate of 1.84 + 0.12 km a 1 (ca. 1992-1996) for a discharge periphery of exactly the same length (see 'e' below). Glaciol., 9,229-235. aThe estimate of motion for the FRIS-C lobe is the weighted mean of segments FRIS-C1, -C2, and -C3. bLarge differences in estimates of motion for the RIS-C lobe are described in the text.
More direct comparisons

